Liquefaction Potential Index (LPI) is used as an assessing tool of liquefaction potential. In this study, the LPIbased method was applied to evaluate the earthquake-induced liquefaction potential for the urban area of Hanoi city. The data used includes 120 boreholes logs, containing necessary geomechanical information such as fine contents, specific gravity, dry density, porosity, N (SPT) values and the groundwater depth Z(w) of subsoil layers in every borehole. The "simplified procedure" proposed by Seed and Idriss was applied to evaluate the liquefaction of all subsoil layers in each borehole point. Then, the Liquefaction Potential Index was calculated for the whole soil column at all boreholes points using the method proposed by Iwasaki. Finally, the obtained LPI values were used to assess the liquefaction probability for an urban area of Hanoi city, using the empirical formula proposed by Papathanassiou and two earthquake scenarios originated on the Chay River fault with magnitudes of 5.3 and 6.5, respectively.
Introduction 1
Liquefaction following strong earthquakes * Corresponding author, Email: buinhung78@gmail.com is a well-known phenomenon and has been studied worldwide for a long time (Seed & Idriss, 1971; Iwasaki 1978; 1982; Juang 2002; 2007; 2010) . However, as this phenomenon had never been observed in Vietnam, up to now the studies of earthquake-induced liquefaction in the country are of forecasting characteristics and mostly focused on two main research directions, namely (1) assessment of liquefaction hazard for urban areas, and (2) safety evaluation of dyke systems under seismic loads.
Studies on assessment of liquefaction hazard for urban areas started in Vietnam by seismologists since the beginning of the 21st century. The first methodology of urban seismic risk assessment and loss estimation for Vietnam was developed in 2001 based on the HAZUS's methodology, with modification taking into account for the seismic and tectonic conditions of Vietnam and was applied to the Hoan Kiem district, a downtown district of Hanoi. In the successive years, within the national scientific research projects, the methodology has been continuously improving and applied to downtown districts of three biggest cities in the countries, namely Hanoi, Nha Trang and Ho Chi Minh city (Nguyen Hong Phuong 2002; 2009) . In these studies, assessment of seismic liquefaction hazard is usually carried out as a part of the whole procedure of urban seismic risk assessment. The results of the liquefaction hazard assessment are presented in terms of maps showing the distribution of zones with different level of liquefaction susceptibility and probability under the impact of scenario earthquakes. These results then are used as input for calculation of seismic risk and loss estimation for the study areas. It should be noted that the methodology of urban seismic risk assessment deeply involves studies of such seismic characteristics of the study areas like seismicity, seismic source models, and attenuation models. In addition, wide scope of study and capability of integrating databases and research results in a GIS environment are the main advantages that make the methodology widely applicable in Vietnam.
Independently with above direction, the studies of liquefaction for safety evaluation of dyke systems have been conducted recently in Vietnam by water resource experts (Tran Dinh Hoa, 2013; Nguyen Hong Nam, 2014) . The methodology applied in this study is focused on the geotechnical aspects of the problem of evaluating the liquefaction potential. However, the earthquake occurrence model, as the main cause of liquefaction, is not thoughtfully considered in this methodology. Up to now, this methodology has mostly been applied to single water resource constructions in the country.
In this paper, the idea of combining two seismic and geotechnical approaches in a procedure of earthquake-induced liquefaction hazard assessment is implemented. A method based on liquefaction potential index is used for evaluating the liquefaction hazard for the downtown area of Hanoi city. The LPI based method was applied for a study area, which is bounded by the longitudes of 105.7°E÷106°E and latitudes of 20.85°N÷21.15°N, covering 10 downtown districts, namely Hoan Kiem, Ba Dinh, Hai Ba Trung, Dong Da, Thanh Xuan, Tu Liem, Ha Dong, Long Bien, Tay Ho, Hoang Mai and two suburb districts, namely Thanh Tri and Gia Lam of Hanoi city (see Figure 5 ). The realistic earthquake scenarios were developed to provide seismic input for liquefaction hazard calculation, and the results are presented in the forms of the liquefaction hazard maps compiled for the downtown area of Hanoi city.
LPI-based method for evaluation of earthquake-induced liquefaction potential
In order to evaluate the liquefaction potential of a site, Iwasaki et al., 1982 proposed the use of an index which is proportional to the thickness of the liquefiable layer, the thickness of the non-liquefiable (cap) layer and the value of the factor of safety against liquefaction (FS). Iwasaki et al., 1982 calibrated the values of Liquefaction Potential Index with the severity of liquefaction-induced damages using data of 87 boreholes having SPT results in liquefied and non-liquefied sites in Japan. According to this scale, liquefaction failure potential has been characterized as high where LPI ranges between 5 and 15 and low at sites where LPI ranges between 0 and 5. The liquefaction potential is extremely low where LPI is equal to 0, while the liquefaction potential is extremely high at sites where LPI exceeding 15. The LPI scale then has been modified by various investigators for more applicability. Sonmez, 2003 proposed to add more categories of potential, namely "non-aquifeable" and "moderate" to the LPI scale. Li et al., 2006 defined the LPI as a function of the probability of liquefaction and proposed mathematical formula for estimation of the probability of liquefaction-induced ground failure.
The advantage of LPI is that it quantifies the likely of liquefaction of the site, by providing a unique value for the entire soil column instead of several factors of safety per layer. Moreover, the values of LPI can be used for the compilation of liquefaction hazard maps, which comprise a preliminary assessing tool of the liquefaction potential and can be used by decision-makers for urban planning. Up to now, the liquefaction hazard maps have been compiled for several urban areas in the world such as the city of Dhaka, Bangladesh (Ansary and Rashid 2000), the state of California, USA (Holzer et al., 2002) , the town of Inegol, Turkey (Sonmez, 2003; Sonmez and Gokceoglu, 2005) , the town of Eskisehir, Turkey (Koyoncu and Ulusay 2004), the city of Lefkada, Greece (Papathanassiou et al., 2005) . The deterministic procedure of LPI-based evaluation of the liquefaction potential, widely known as "the simplified procedure", was first proposed by Seed and Idriss in 1971 and has been upgraded by other investigators (Seed 1985; Youd 2001) . Implementation steps of the procedure are described below in details.
Determination of the cyclic resistance ratio (CRR)
The CRR, according to Youd et al. (2001) , is computed by the following equation: (2) MSF is the magnitude scaling factor to be used for magnitudes smaller or larger than 7.5. The MSF is calculated by (Seed and Idriss, 1982 (N 1 ) 60 is the SPT blow count normalized to an overburden pressure of approximately 100 kPa (1 ton/sqft) and a hammer energy ratio or hammer efficiency of 60% and can be calculated by the formula:
(
where N m is the measured standard penetration resistance; C N is the factor to normalize N m to a common reference effective overburden stress; C E is the correction for hammer energy ratio (ER);C B is the correction factor for borehole diameter; C R is the correction factor for rod length; and C S is the correction for samplers with or without liners. Afterwards, a "fine content" correction was applied to calculated (N 1 ) 60 value in order to obtain an equivalent clean sand value (N 1 ) 60cs given by the equations proposed by Youd et al. (2001) . Seed and Idriss (1971) formulated the following equation for calculation of the cyclic stress ratio:
Determination of the cyclic stress ratio (CSR)
where: a max is the peak horizontal acceleration at the ground surface generated by the earthquake, g is the acceleration of gravity, 0 and 0 ′ are total and effective vertical overburden stresses, respectively; and r d is the stress reduction coefficient.
Quantities σ v0 , σ 'v0 are calculated by the following equations (Kayen et al., 1992) : 
Determination of the factor of safety against liquefaction (FS) for each sediment layer
The factor of safety against liquefaction (FS) is determined for each sediment layer by the following formula:
where CRR and CSR are the cyclic stress ratio and the cyclic resistance ratio of the soil layer obtained from the two previous steps of the procedure.
Calculation of the Liquefaction Potential Index (LPI)
The Liquefaction Potential Index is calculated for each soil column at a boring point by the following equation (Iwazaki et al., 1982 ):
where z is the depth below the ground surface in meters (usually taken from 0 to 20 m) and is calculated as w(z)=10−0.5z; F(z) is a function of the factor of safety against liquefaction, FS, where F(z)=1−FS when ≤ 1, and F(z)=0 when FS>1.
In addition to the simplified procedure described above, in this study the empirical relationship between LPI and probability of liquefaction proposed by Papathanassiou (2008) was used for mapping of liquefaction hazard for the study area:
Seismotectonic characteristics of the Hanoi region

Active faults
The role of controlling the tectonic regime and seismic activity of the North Vietnam in general and the Hanoi region, in particular, the Red River Fault Zone (below referred to as RRFZ), also known as Ailao Shan-Red River shear zone. Originated from Tibet, China, the RRFZ spreads over 1000 kilometers along the NW-SE direction, crossing over the North Vietnam's territory until it reaches to the Bac Bo gulf (Figure 1 ). The RRFZ is considered to be a boundary between the South China and the Indochina blocks. In the territory of Vietnam, the RRFZ is characterized by the Elephant Range (also known as Day Nui Con Voi) metamorphic massive, which is bounded by the Red River fault to the SW and the Chay river fault to the NE.
Results of detail geomorphologic investigation show that the Red River fault consists of two branches stretching along the two banks of the Red River. According to the geophysical data, the Red River fault is a deepseated fault that crosses through the Moho, with the average depth of more than 30 km (Bui Cong Que, 1983) . Right lateral strike-slip offsets of these faults are determined by analyzing tributaries, stream channels, Quaternary alluvial fans and river valleys on Landsat and SPOT images, on detailed topographical maps, and by field observations. Geomorphology and topographical offsets suggest that these strike-slip movements are combined with normal slip (PhanTrong Trinh et al., 2012) . The Chay River fault is also identified as a deep-seated fault, stretching along the NE boundary of the Elephant Range metamorphic massive from Lao Cai to Viet Tri. The fault is clearly seen on the satellite Landsat and SPOT images. By analyzing the deviation across the fault of the stream network, Phan Trong Trinh et al. (2012) suggested that the offset of the right lateral displacement of the stream is 150-700 m; average offset is 150 m. According to observed seismicity, the seismic active layer along the fault is determined within the depth from 20 to 25km (Nguyen Dinh Xuyen 1987) .
Using the average length of offset channels and a minimum rate of 100-150 mm/yr for river propagation, Phan Trong Trinh et al., 2012 estimated the horizontal slip rates of 2.9±1.7 mm/yr for the Chay river fault, 2.3±1.5 mm/yr for the NE branch and 2.1±1.5 mm/yr. for the SW branch of the Red River fault.
Located in the NE and almost parallel to the RRFZ is the Lo river fault. According to the geologic data, the fault appeared in Early Paleozoic. The fault is clearly seen on the satellite images, DEM maps from Tuyen Quang to Tam Dao and inferred to be continued until it reaches to the coast of the East Vietnam Sea if not be overshadowed by the sediments of the North Vietnam's delta. At Tuyen Quang, the fault is mainly identified as a right strikeslip, but along the SW side of Tam Dao mountain, it appears as a normal fault, dipping 70-800 to the SW direction. Some authors ar-gue that the Lo river fault is a part of the RRFZ (Phan Trong Trinh 2004) .
Judging by size and role of controlling the regional tectonic activity, the Red River fault, the Chay River fault, and the Lo river fault are considered as the first rank of the seismically active faults which are capable of producing earthquakes in the territory of North Vietnam. These three active faults are parallel and crossing the Hanoi's territory in the NW-SE direction.
Another active fault that crosses nearby Hanoi city is the Dong Trieu -Uong Bi fault, with the average depth of 30 km and dipping 60-800 to the NE direction. In the present time, the Dong Trieu -Uong Bi fault is assessed as left-lateral strike-slip, which is differing from the movement mechanism of the RRFZ. Regardless the fact that the Dong Trieu -Uong Bi fault belongs to a group of second-ranked active faults, its seismic impact to the Hanoi city has always been considered (Nguyen Hong Phuong et al., 2002; .
Seismic activity
While the large earthquakes were not recorded in the Vietnamese part of the RRFZ, the events with medium magnitude occurred quite frequently (Figure 1) . During less than a century, from 1910 to 2005, 33 earthquakes with magnitude exceeding 4.0 have been instrumentally recorded within the zone. In addition, it is worth to mention the historical events, which might have occurred during the years 1277, 1278, 1285 and can be traced in the ancient annals. As described in literature, the first event "had caused a crack of 7 zhangs length (~24 meters) in the surface", while the second event was "a swam of three strong shakings during a day", and the third event "had made the gravestone in Bao Thien temple broken in two, and caused landslide in the Cao Son mountain" (Nguyen Dinh Xuyen, 2004) . As evaluated by seismologists, the shakings of these historical earthquakes are comparable with intensity 7 or 7-8 on the Macroseismic scale.
Among the earthquakes observed in the RRFZ, the largest events were concentrated along the Chay River fault. There were 3 events with magnitudes exceeding 5.0 instrumentally recorded along this fault, of which the epicenter of Yen Lac earthquake (M=5.3, occurred in 1958) is located within the territory of Hanoi city. The two other events have occurred in the territory of Yen Bai province, namely the Luc Yen earthquake (M=5.3, recorded in 1954) and the Yen Binh earthquake (M=5.2, recorded in 1961). It is also worth to note that three historical events described above (occurred right in the ancient city of Hanoi during 1277, 1278 and 1285) are assumed to be caused by the Chay River fault.
Seismic activity along the Red River fault is quite similar to that of the Chay River fault, but wicker in terms of frequency and magnitude. Three earthquakes with magnitudes M=5.0 were instrumentally recorded along the Vietnamese part of this fault. The nearest to Hanoi event is the Kim Boi earthquake (M=5.0, occurred in 1934). The two others events occurred further from Hanoi was the Yen Mo earthquake in Ninh Binh province (M=5.0, occurred in 1914) and the Ha Hoa earthquake in Phu Tho province (M=5.0, occurred in 1947).
Outside of the RRFZ, the Dong TrieuUong Bi fault, although is evaluated as the second-ranked active fault, had provoked a serial of strong earthquakes including the BacGiang earthquake (M=5.6, occurred in 1961), the Mao Khe earthquake (M=5.1, occurred in 1903), and the Dai Tu earthquake (M=5.0, occurred in 1967). The seismicity along the Lo River fault is weaker, where earthquakes of magnitudes not exceeding 4.8 have been recorded with sparse frequency.
The scenario earthquakes
Seismically, the Hanoi region is mostly affected by the Red River Fault Zone, which consists of three deep-seated seismically active faults, namely Red River, Chay River and Lo River faults. Coupled with the Dong TrieuUong Bi faults in the northeast, these three active faults are crossing the boundary of Hanoi city as shown in Figure 2 . To evaluate the liquefaction hazard for the study area, the seismic inputs as a max and M w were determined from scenario earthquakes. A scenario earthquake is an event, most likely to have to occur in the future, and with predefined parameters. In another word, scenario earthquake is a simulation of an event in the past for predicting the effects of a future event. The seismic fault source model of Vietnam was used for the creation of scenario earthquakes (Nguyen Hong Phuong, 2007) . The creation of scenario earthquakes in the Hanoi city region is based on the following assumptions:
-Earthquake originated on one of the active tectonic faults which crosses through or nearby the site (urban area).
-Except for the epicenter's coordinates, the other parameters of the scenario earthquake are determined on the basis of geometric and geodynamic characteristics of the fault rupture source following the rules of the seismic fault source model.
In this paper, two scenario earthquakes originated on the Chay River fault were selected. Their parameters are listed in Table 1 . The parameters of the first scenario earthquake coincide with a past event occurred in Hanoi in 1958, while the magnitude of the second scenario earthquake (M=6.5) was chosen in accordance with the maximum earthquake magnitude predicted for Hanoi region and for the Chay River fault as well (Nguyen Dinh Xuyen, 1996; Nguyen Ngoc Thuy, 2004; Phan Trong Trinh, 2012; Vu Thi Hoan, 2016) . The shaking maps caused by two scenario earthquakes are illustrated in Figure 3a and 3b, showing the distribution of peak ground acceleration (PGA), in g. As can be seen from these maps, the shaking attenuation is clearly reflected different locations of earthquake epicenters.
By combining the shake maps with the sitemap, the peak horizontal acceleration at the ground surface can be determined at every borehole point by the following formula:
a max = F a PGA (12) Where F a is the site amplification factor, F a =1,6 for site class D, F a =2.5 for site classes E and F (Fema 1999). Figures 4a and 4b illustrate distribution of a max in the study area due to scenario earthquakes. 
Subsoil characteristics
For evaluating the liquefaction potential for the study area, beside the seismic inputs as a max and M w , a dataset containing 120 borehole logs collected from several research and construction projects was also used (Nguyen Huy Phuong 2004; 2010) . Location of the boreholes used in this study is shown in Figure 5 . An example of a borehole log used in this study is shown in Figure 6 . The borehole logs data contains all necessary information on geomechanical characteristics of each layer in everyborehole as shown in an example in Table 2 . Coupled with such geomechanical information as the fine contents, specific gravity, dry density and the porosity of the subsoil layers, such other parameters as the N values of SPT at different depth Z, the groundwater level Z(w) at each borehole was also used for liquefaction potential evaluation. In the case where the information on the groundwater depth is lacking, a default value of 2 m was assigned to conform with the average value of the qh static groundwater level, widely is tributed in the Hanoi region (Vu Thanh Tam et al., 2014) .
Evaluation of earthquake-induced liquefaction potential for urban areas of Hanoi city
The factor of safety against liquefaction was calculated for each sediment column at 120 borehole points following the simplified procedure described above. An example of the FS calculation results at a borehole is shown in Table 3 . Results obtained at some borehole points are shown in Figure 7 . Table 2 . An example of geomechanic characteristics of a subsoil layer extracted from a borehole log, where the information on fine content, specific gravity (ρ S ), dry density (ρ d ) and void ratio (e) were used in analysis. Total number of samples Sample n 56 Figure 6 . Illustration of the TX-22 borehole log with information on N(SPT), ground water level and layers contents to be used for calculation Table 3 . An example of the results of FS calculation for sediment column at the TX-22 borehole point (a max =0.287909 g, M w =6.5, w(z) =4.6m)
As can be seen from Figure7, the FS values calculated from the second scenario earthquake (DD_HN_SC6.5) are always smaller than those calculated from the first one (DD_HN_SC5.3). It means that, for a point with certain soil conditions, the stronger impact from earthquake will cause higher liquefaction potential. As shown by the data analysis, in the study area exit the boreholes with the soil columns containing at the same time liquefiable (FS>1) as well as non-liquefiable (FS<1) layers. This fact can be used in practice for choosing a construction site, where the sites with a thin non-liquefiable layer located on top of a thick liquefiable layer have to be avoided. The obtained FS values were used in the formula (10) to calculate the Liquefaction Potential Index (LPI) at all 120 borehole sites. Then, formula (11) was used for calculation of liquefaction probability (PG) at all borehole sites. Finally, the liquefaction hazard maps showing the distribution of liquefaction probability in the study area were constructed 
based on the PG values obtained from the two scenario earthquakes using interpolation technique in a GIS environment (Figures 8 and 9 ). The liquefaction probabilities are compared with the levels of liquefaction potential as shown in Table 4 . From Figures 8, 9 and according to the criteria of liquefaction potential assessment shown in Table 4 , one can conclude that for the entire study area, the first scenario earthquake (Mw=5.3) is not able to cause liquefaction (PG<0.1), while the second earthquake scenario (Mw=6.5) is capable of causing liquefaction (PG>0.1). This is understandable as the shaking caused by the second scenario earthquake in the study area is considerably higher than the shaking caused by the first scenario earthquake. The second scenario earthquake produces different levels of liquefaction potential in the study area. The highest liquefaction probability of 0.7<PG≤0.9 is distributed in two large areas, where the first one is observed in Thanh 
Discussions
Results obtained from the first scenario (Mw=5.3) imply the fact that the earthquakes instrumentally observed in the Hanoi region up to now are of moderate magnitude and therefore have the very low probability of producing liquefaction in the downtown area of the city. On the other hand, results of the second scenario (Mw=6.5) show the fact that an earthquake with magnitude, maximum expected for Hanoi region as assessed by many authors (Nguyen Dinh Xuyen et al., 1996; Nguyen Ngoc Thuy et al., 2004; can produce liquefaction throughout the downtown area of Hanoi city.
With consideration of geologic characteristics of various sediment layers at different depths as well as the soil amplification due to seismic shaking, the method applied in this study has given the quantitative results as shown by the liquefaction hazard maps. This is considered to be a progress in comparison with the liquefaction susceptibility maps produced in previous works, where only geomorphologic characteristics of the study area were considered without seismic impacts. In comparison with the works done by Nguyen Hong Phuong et al., 2007 Phuong et al., , 2014 using the methodology modified from HAZUS, the LPI based method of liquefaction evaluation used in this study gave much higher values of liquefaction probability. This fact has been pointed out previously by some authors (Kongar et al., 2016) .
The results obtained in this study are also comparable with those done by Nguyen Hong Nam et al. (2016) Characterized by a low level of seismicity, Vietnam is facing difficulty in establishing the empirical models for verifying the results of liquefaction potential for the country (Jaimes et al., 2015; Liu et al., 2016) . However, the preliminary results described in this paper show attempts of enhancement of methodology and technique to be used taking into account the World's experience, particularly in terms of seismic input and the uncertainty of soil characteristics.
It should be noted that in this study the uneven distribution of the boreholes data affects the reliability of the mapping results. The high uncertainties are assigning to such areas as the southern part of Ha Dong district, northern parts of Tu Liem and Gia Lam districts due to lacking boreholes data.
Conclusions
In this study, the LPI-based method was applied to evaluate the earthquake-induced liquefaction potential for the urban area of Hanoi city. Using a dataset of 120 boreholes logs, the "simplified procedure" to evaluate the liquefaction of soil layers in every borehole point. The Liquefaction Potential Index (LPI) was calculated for the whole soil column at all boreholes points and the obtained LPI values were used to assess the liquefaction probability for an urban area of Hanoi city, using the two earthquake scenarios originated on the Chay River fault with magnitudes of 5.3 and 6.5, respectively. Parameters of the first scenario earthquake were selected to coincide with a real event occurred in 1958, while the second scenario earthquake represents the worst case in terms of shaking that can be expected from this fault source.
The obtained results include the values of the factor of safety against liquefaction (FS) calculated for each layer in 120 borehole soil columns and two liquefaction hazard maps compiled for the urban area of Hanoi city which correspond to two earthquake scenarios.
As shown by the liquefaction hazard map compiled from the first scenario earthquake the entire downtown area of Hanoi city is nonliquefiable. In the meantime, there is a high possibility (with the probability of 0.3 to 0.9) that the second scenario earthquake may produce liquefaction in the majority of the downtown area of Hanoi city. Regardless the fact that up to now, the majority of earthquakes recorded in Hanoi city and its vicinity are of medium magnitudes, in order to reduce damage and losses caused by liquefaction during future earthquakes, attention and measurements need to be taken for the areas with high and medium liquefaction potentials due to the fast infrastructural development and high population density in the urban area of Hanoi.
